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Abstract
The purpose of this project was to determine the suitability of using a high phosphorus
electroless nickel (HPEN) coating to prevent corrosion in carbon steel heat exchangers in
seawater service. 1 in. x 4 in. samples were cut from ¼ in. SA-516-70 pressure vessel
plate, pickled to remove mill scale, dressed with 300 grit sand paper and sent out for
plating with 2 mils of HPEN. Due to a clerical error during plating, samples were plated
to a significantly lesser extent than requested. Samples were plated with approximately
0.6 mils of HPEN versus the 2 mils requested, however this was not expected to
appreciably affect the results of testing. Samples were damaged with a 60° single point
cutting tool to a depth of 0.005 in. and exposed to 98.6°F aerated seawater in accordance
with ASTM G31-72 for 24 hours, 168 hours (1 week), 672 hours (1 month) and 1000 hrs.
Samples were removed from the corrodent, vacuum infiltrated with epoxy and prepared
for metallographic analysis. Both depth of attack and material loss over time were
measured, and it was found that the galvanic couple established through the damaged
plating greatly accelerated attack. Attack was accelerated to such a degree that after 1000
hours, corrosion had proceeded 0.029 in. past the original path of the tool tip in the
damaged samples versus only 0.0018 in. for the uncoated sample. Graphing material loss
versus time reveals linear attack with a coefficient of determination of .9971, indicating
that the attack does not slow over time. The linear nature of the material loss over time
suggests that damage this extensive does not tend to plug with corrosion products
slowing attack. Additionally, due to the strong metallic bond between the steel base
material and the HPEN plating, it was seen that damage under the plating was difficult to
observe through external visual examination. These two factors lead HPEN plating to be
seen as an unsuitable means of protecting carbon steel heat exchangers in seawater
service.
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Introduction
Drill Cool Systems (DCS), of Bakersfield, CA currently produces a drill mud cooler for
offshore use known as the Seawater FX Cooler. At the heart of the FX Cooler is a oncethrough countercurrent spiral heat exchanger exchanging drill mud and untreated
seawater manufactured from 3/16 in. SA-516 grade 70 carbon steel plate by Alfa Laval.
These exchangers are known to fail after approximately three years in service through
general corrosion as well as localized corrosion leading to perforation of the exchanger
wall (Figure 1) and ultimately loss of performance as well as possible contamination of
seawater with drill mud.[1]
DCS has requested recommendations to increase the life of the exchangers without
excessively increasing the cost or appreciably negatively affecting the heat transfer
potential of the exchanger. The current exchangers are purchased from Alfa Laval at a
cost of $193K, and DCS has requested that any recommendations not increase the cost of
the exchanger above $500K. These exchangers are currently in use in a variety of
climates, water compositions and duty cycles, so any recommendations must be robust
enough to withstand the varied conditions which they may experience as well as
withstand the forming process which the exchangers undergo.[1]

Figure 1: Photograph of a failed exchanger. Note the general corrosion as well the
pitting resulting from localized corrosion cells.
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Spiral Heat Exchangers
The exchangers DCS utilizes are countercurrent spiral heat exchangers. Spiral heat
exchangers are the preferred type of exchanger for seawater service as the single
exchange path prevents deposits and biofilms
from forming on the exchanger surface, as any
deposits which form will increase the velocity
of fluids passing through the exchanger, in
effect washing the surface clean. [2][3]
These exchangers are fabricated by forming
steel plate around a mandrel with spacers
inserted to maintain constant channel spacing.
Once the spiral is completed, alternate channels
are sealed with steel barstock, and welded shut
to isolate the hot side of the exchanger from the
cold side (Figure 2). Flanges are then welded
onto the finished spiral, and heads fabricated to
meet the particular dimensions of each
exchanger (which will vary between exchangers
of the same specification). The spiral seals
against the exchanger head through the use of a
full faced, artificial fiber, nitrile-bound gasket.
This forming and welding process precludes the
use of clad materials in manufacturing, and the
close spiral spacing makes the use of weld
overlays impossible.[2][3][4]

Figure 2: Schematic representation of flow
through a spiral heat exchanger where A
and B are the fluids being exchanged.
Heads are isolated from main exchanger
[2]
spiral by a full-faced gasket.

2

Corrosion Prevention
To prevent corrosion in a heat exchanger, there are a variety of serviceable options:
changing the alloy the exchangers are constructed from, applying an impressed current
protection system, or applying a barrier layer to prevent corrosion are all commonly
practiced methods of preventing corrosion. Changing the construction to an all-Monel
(copper-nickel alloy) or all-titanium construction would greatly extend the life of the
exchangers; unfortunately, the price to construct exchangers from Monel or titanium is
prohibitively high ($1.2 million for titanium).[1][4] Up-alloying to an austenitic or
superferritic stainless steel could likely be done in the budgetary limits set out;
unfortunately, these steels have far too low a heat transfer coefficient to be used in such
an exchanger. Additionally as these exchangers may be allowed to rest stagnant for
extended periods of time, passivating layers protecting the exchanger may become
compromised leading to rapid attack.[5]
As the exchangers have a relatively narrow channel spacing, and the electrolyte path is
quite long, impressed current systems would likely not provide adequate protection for all
areas of the exchanger, nor have they been successfully used in the past on these
exchangers.[4] Ultimately, barrier layers are seen as the ideal solution to prevent corrosion
from occurring. These exchangers have been deployed using a baked phenolic barrier
coating, however the life of the exchangers was not appreciably improved and the heat
transfer of the exchangers was negatively affected to an excessive degree prompting
abandonment of the polymer coatings.[1][4] Further, when polymer coatings become
damaged they can accelerate attack due to crevice corrosion beneath the coating as well
as provide fouling surfaces due to coating uplift. Thus, a metallic plating which may be
applied to the finished exchanger is seen as the only solution to significantly extend the
life of the exchanger without unduly increasing the cost or negatively affecting the heat
transfer capacity of the exchanger. As the exchanger is a once-through system in which
seawater is exhausted directly into the ocean after cooling the drill mud, corrosion
inhibitors (such as may be employed in a cooling tower to prevent corrosion to carbon
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steel exchangers) are not a serviceable option due to the high consumption rate as well as
environmental concerns associated with many traditional inhibitors.

Plating Technology
Due to the manufacturing constraints of the forming process, a metallic plating which
may be applied to a finished exchanger is seen as well suited to this particular
application. Active coatings, such as zinc are generally not serviceable for preventing
corrosion in seawater, as they would corrode in short order leaving the material
unprotected. Immune or passive coatings (such as gold, nickel, chromium, etc.) are not
without their own issues, as any damage to the plating will result in rapid attack of the
base material due to the establishment of a galvanic pair. Any immune/passive material
that is plated onto steel must be suitably uniform (lacking perforations, fisheyes, or any
other imperfections penetrating to the base metal) and suitably resistant to abrasion,
erosion, scratching, etc. to prevent galvanic attack of the base material.
Two broad categories encompass plating technology, electroplating and electroless (autocatalytic) plating. Electroplating involves deposition of metal ions in solution onto a base
metal through establishing an electrical potential, driving the metal ions to reduce from
solution and deposit onto the base metal. Electroplating is generally an inexpensive and
effective process, however as the process is dependent on current density at the surface of
the substrate and the movement of ions through solution, areas far from the anode, or
particularly tortuous surfaces may suffer from thinned, or nonexistent plating. The same
issue preventing impressed current protection in these exchangers prevents electroplating
from being successfully employed to prevent corrosion.
An alternate process, electroless plating, exists in which the metal ions in solution are
forced to reduce and deposit onto the base substrate through chemical means. This
process has several distinct advantages, in that any surface washed by the solution will
plate at the same rate leading to a remarkably uniform plating thickness (Figure 3),
lacking in pores, fisheyes, and other imperfections leading to exposure of the base metal
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while closely adhering to variations in the substrate. Common metals which are autocatalytically plated include nickel, copper, gold and silver, however nickel is the only
auto-catalytic plating used widely on an industrial level.[6][7][8][10]

Figure 3: A schematic comparison of the thickness variation between electroless and electrolytic plating methods.
[8]
Note the variations in thickness with concavity resulting from charge buildup in electrolytic plating methods.

Electroless Nickel
Electroless nickel platings are widely used in industry for a variety of reasons; they afford
an extremely hard, abrasion resistant plating which quickly passivates forming an
adherent passive film preventing further attack.[9] This passive layer is particularly
resistant to being reduced in de-aerated conditions (such as would result from an
exchanger being left stagnant), and thus is well suited to services in which continuous
flow cannot be guaranteed. The nickel in the plating is also mildly toxic to the
microorganisms responsible for biological fouling which prevents biofilms from forming
on the exchanger surfaces.
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Electroless nickel platings are broadly divided into three categories based on their
phosphorus content (phosphorus being responsible for establishing an adherent passive
layer as well as resolving internal stresses in nickel plating). Low phosphorus, or
crystalline electroless nickel (1-3% P) is extremely hard (57-61 HRC as plated), resistant
to alkaline environments and is often used as a substrate for gold in electrical
applications. The low phosphorus content of low phosphorus electroless nickel allows the
passive film to degrade in de-aerated conditions, making it unsuitable for stagnant
conditions. Mid phosphorus (7-9% P) is partially crystalline, and owing to its extreme
brightness and luster is commonly used in decorative applications as well as
environments that are erosive, but not especially corrosive, such as slurry handling. High
phosphorus (10-13% P), commonly known as HPEN, is a fully amorphous plating with
the lowest levels of internal stress of any nickel plating technology. This low level of
internal stress allows the coating to tightly adhere, and produced an extremely uniform
plating. The high level of phosphorus allows the nickel plating to quickly establish a
durable and highly adherent passive layer lacking in boundaries due to the amorphous
nature of the nickel. High phosphorus electroless nickel is softer as plated than any other
form of electroless nickel (41-46 HRC), however it may be heat treated to much greater
hardness (64-67 HRC) should that be required for a specific application (at the expense of
some of the corrosion resistance).[6][7][8]
All surfaces suitably washed with the solution (generally a solution of NiCl and
NaPO2H2) will deposit at the same rate, regardless of concavity (which may lead to nonuniform thicknesses in electroplating). This has two primary results; first, the uniform
thickness allows extremely thin layers to be used (commonly as thin as .1 mil in
industry), and second it allows co-deposition of other substances (SiC, diamond, PTFE,
etc.) to vary the cost and properties of the plating. For purposes of preventing corrosion
of carbon steel in seawater, a layer of 2-3 mil thickness high phosphorus electroless
nickel is suitable for preventing corrosion.[7] Properly plated, high phosphorus electroless
nickel has been shown to corrode at a negligible rate in seawater (~.04 mils per year
(mpy) in aerated seawater).[11]
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As HPEN is significantly more noble than the carbon steel substrate, the potential for
accelerated attack through damage to the plating is significant, however literature
suggests that HPEN is generally resistant to interfacial corrosion. Additionally, the
literature suggests that damage will tend to plug with corrosion products in aerated
environments which slows, and ultimately stops corrosion through damaged sites. As
corrosion proceeds, it has been reported that the corrosion products increase the
resistance of the solution in damaged sites, slowing and ultimately stopping
corrosion.[7][11] [12]
If corrosion through HPEN were found to slow over time, it would be considered an
excellent means of protecting these exchangers, for an exchanger of this size, a 2 mil
coating would add $30K - $100K to the price of each exchanger while only decreasing
the heat transfer capacity of the exchanger by approximately 4% and dramatically
increasing the lifespan of the exchanger.

Corrosion Testing
In order to verify the suitability of high phosphorus electroless nickel plating for use in a
seawater exchanger a hot water porosity test and a hot (100° F) aerated seawater
immersion corrosion test were performed in accordance with ASTM G31-72.[13][14] The
hot water porosity test is simply a quality control measure to observe gross porosity in the
plating. The immersion test compares the corrosion resistance of unplated steel
specimens to plated steel specimens as well as plated specimens with a damaged coating
to observe any galvanic effects through the damaged sites. Immersion corrosion testing is
particularly suited for this application, as corrodent composition, temperature, aeration,
velocity, etc. may all be varied to suit the particular conditions that the exchangers will be
exposed to in use. [14]
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Experimental Procedure
As the behavior of HPEN in various environments is well understood, the effects of
corrosion through damage in the plating were chosen to be tested. Samples were divided
into three groups: unplated samples, plated samples, and plated and damaged samples.
All samples were cut 1 in. x 4 in. from ¼ in. SA-516-70 pressure vessel plate, deburred,
drilled for a mounting point and pickled in 10% HCl to remove mill scale. Each sample
was stamped with an identifying marker and finally weighed with a scale accurate to .1
mg and measured using digital calipers to .01 mm. All measurements were the average of
three measurements taken at different sites in each dimension. Several samples were sent
for plating with 2 mils HPEN, unfortunately, due to a clerical error on the part of the
plating company, samples received a coat of only 0.6 mils.
In order to determine the corrosive effects of the damaged plating, it is important that
each sample be damaged in a repeatable fashion. It was determined that by chucking a
single point 60° cutting tool into a knee mill (in low range to prevent rotation of the
quill), the surface could be scratched in a repeatable fashion. Samples were mounted on
the mill table, and the cutting tool moved five thousandths of an inch into the surface of
the material and scratched along the length of the sample (Figure 4). Additional scratches
were made at right angles to the primary scratch to observe any additional effects (loss of
adhesion, upliting, etc.) that corrosion at additionally damaged sites may cause.

Figure 4: Method of damaging sample to ensure that the coating is
thoroughly broken. Tool tip is five thousandths of an inch into the surface
of the nickel.
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Samples were then cleaned with acetone and deionized water to degrease and dried with
hot air before being hung on monofilament line and exposed to natural seawater in a
98.6°F water bath. Each sample was suspended within a 1 qt mason-type jar lidded with a
polypropylene lid drilled to accept a 3/16 in. rubber grommet and a 3/16 in. glass tube to
serve as a sparger for introducing aeration (Figure 5).
All spargers were plumbed to an air pump,
and the level of each sparger adjusted to
provide an equal stream of air to each jar.
All jars were placed within a 98.6°F (a
temperature that was selected to
accommodate another project) water bath to
maintain a constant temperature near the
service temperature of the exchangers
(Figure 6). As needed, each jar was topped
with distilled water to maintain the natural
salinity of the seawater. Samples were
suspended in corrodent for: 24 hrs, 168 hrs,
672 hrs and 1000 hrs.

Figure 5: Individual sample suspended in natural
seawater with a sparger (difficult to see, as it
transparent) introducing aeration into the solution.
Sample is 4 in. in length.

Figure 6: All sample jars in water bath plumbed to air
supply.
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Measuring Damage
At the end of each test interval, corresponding samples were removed from the corrodent
and thoroughly washed with deionized water to remove loose corrosion products before
being washed with ethanol and dried with hot air. Damaged samples were sectioned with
an abrasive saw, washed again and mounted in epoxy under vacuum to allow the
corroded surface to be preserved. Mounted samples were then polished and etched with
2% Nital swabbed for twenty seconds and micrographs were taken using a standard
reflecting light microscope.
Sectioned samples were analyzed both for depth of attack (determined by measuring with
a calibrated microscope from the edge of the nickel to the edge of the discernible
microstructure) as well as in terms of total material loss over a given period of time
(determined by measuring the undercut area and using that to calculate the amount of
material removed) (Figure 7). Both these measurements were compared against their time
in the corrodent bath to determine both the extent of attack as well as the general trend in
attack to determine if damage does plug with corrosion products slowing attack.

Figure 7: Means of determining rate of attack. On left, is depth of attack, as measured to the edge of the
discernible microstructure. On right, is the removed cross-sectional area. Both images are one week samples.
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Unplated samples were thoroughly cleaned of corrosion products and weighed to
determine penetration from the corrosion formula:

ܲ݁݊݁= ݊݅ݐܽݎݐ

௱ெ


(1)

Where: ∆M is the mass lost, A is the area exposed to corrodent, and D is the density of
the material in question.

Realistic Constraints
The primary constraints affecting the experimental setup of this project relate to health
and safety as well as environmental and economic concerns. The plating process through
which HPEN is deposited is hazardous in nature, employing chemicals such as sodium
hypophosphate, and chromate as well as various acids. These chemicals are potentially
hazardous and require proper handling and disposal, leading to the decision to have the
samples plated by a third party.
Due to the cost limitations set out by DCS, the sample size was limited to ten so that
testing could be performed in the departments existing hot water bath as well as to limit
the material costs associated with a larger sample size.
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Results
A damaged sample was sectioned without exposure to corrodent to determine the
baseline extent of damage (Figure 8) for comparison to later samples.

Figure 8: Non-corroded sample.

After one day (24 hrs) in the corrodent bath, attack had proceeded seven thousandths past
the original damage (Figure 9), as measured from the surface of the nickel overhang to
the edge of the discernible microstructure. After one week (168 hours), the extent of the
attack had significantly advanced, twelve thousandths past the original damage (Figure
10).
.
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Figure 9: 24 hours (one day) of attack.

Figure 10: 168 hours (one week) of attack.
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After one month, attack proceeded off-frame, twenty-three thousandths past the original
damage (Figure 11). After 1000 hours, attack proceeded far enough off frame that it may
only be adequately demonstrated using a composite image, twenty-nine thousandths past
the original damage (Figure 12).

Figure 11: 672 hours (one month) of attack.

Figure 12: 1000 hours of attack. (Composite image)
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In all cases, attack was impossible to visually evaluate from external examination due to
a strong shelf of nickel overhanging the site of attack. (Figure 13)

Figure 13: Overhang of nickel preventing examination of attack.

A comparison of depth of attack between plated and damaged and unplated samples may
be seen in Table I.
Table I: Extent of attack over time for plated, damaged samples and unplated samples.
Time
Plated, Damaged, Depth of
Plated, Damaged, Material Removed
(hrs)
Attack (in)
(cubic inches removed per inch of
damage)

Bare Steel Depth of Attack
(in)

0

0.005

1.81838E-05

0

24

0.012

0.000169998

4.87E-05

168

0.017

0.00052762

0.000378

672

.028

0.001786577

0.001246

1000

.034

0.002464784

.0018
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Undamaged, plated samples were also exposed to the corrodent bath in an attempt to
confirm the reported corrosion rate of HPEN in aerated seawater, unfortunately
imperfections in the plating lead to significant substrate attack on all samples (Figure 14),
rendering such measurements impossible due to the sacrificial effect of the steel
substrate. This effect may be due to the erroneously thin coating.

Figure 14: As plated samples exposed to corrodent without intentional damage. Note the buildup of corrosion
products around damaged sites. Samples are four inches long.

Discussion
Plotting depth of attack over time demonstrates the extent to which attack is accelerated
in damaged samples as compared to unplated samples (Figure 15). We see attack of 0.034
in. from the surface of the nickel after 1000 hours in the damaged sample vs. 0.0018 in.
of attack in the uncoated sample.
Plotting material loss over time demonstrates the linear fashion of the attack (Figure 16).
If damage were to plug with corrosion products as suggested by the literature, it would be
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expected that attack would depart from this linear fashion, and the rate of attack would
slow over time. Given the coefficient of determination of .9971, it is seen that corrosion
is not slowing to any appreciable extent.

Figure 15: Extent of attack over time, note significant difference between the damaged, plated samples and the
unplated samples demonstrating the accelerated attack through damaged sites.

Figure 16: Material loss over time, demonstrating the linearity of attack. Note the coefficient of determination of .9971
indicating that corrosion is not slowing with time as would be expected if damage plugged with corrosion products.

17

Examination of the exterior of the damaged samples might lead one to believe that attack
has not progressed far from the initial damage, however examination of the sectioned
samples clearly demonstrates the extent of the attack beneath the surface. This subsurface attack is hidden by the strong overhang of HPEN, and renders maintenance
activities such as examination of the exchanger in an attempt to discern the usable life
much more difficult than with a bare steel exchanger.

Conclusions
High phosphorus electroless nickel cannot be recommended to protect carbon steel heat
exchangers in seawater service given the possibility that the plating may be marred to
such an extent as to expose the substrate to the corrodent. The galvanic couple
established through the damage focuses, and greatly accelerates attack (0.029 in. past the
original damage for a damaged sample in 1000 hours versus 0.0018 in. past the surface
for an uncoated sample). Additionally, the rate of material removal is seen to not slow
over time leading to un-inhibited attack, and the possibility of an exchanger failing
months after damage to the exchanger as opposed to the years that the exchangers
currently serve. Despite this risk, high phosphorus electroless nickel is commonly used to
protect carbon steel in a variety of services (including hot seawater service) due to its
extreme corrosion resistance and high hardness.
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